during cortical neuronal development, as part of the transcriptional network that governs glutamatergic neurogenesis, through a direct action on the genes of basal progenitor cells. 2 Interestingly, although the deletion of AP2γ in the developing cortex promotes a reduction of upper layer neurons in the occipital cerebral cortex, its overexpression fosters the generation of the cortical layers II/III. 2 In adulthood, and maybe not surprisingly in the light of its pro-proliferation profile, AP2γ was mostly known for its role in pathological conditions, particularly as a marker of tumor progression and poor prognosis in different malignant diseases, such as breast 3 and lung 4 cancer. Yet, and despite its importance in the developing brain, the presence or relevance of AP2γ in the adult brain was not clarified. Nevertheless, considering that the transcriptional network that controls glutamatergic neurogenesis during neurodevelopment is recapitulated, to some extent, in the adult CNS, the presence of AP2γ in the postnatal brain emerged as a plausible hypothesis.
As such, in a recent study published in Molecular Psychiatry, 5 we described for the first time the presence of AP2γ in the adult brain and explored its different roles on adult neurogenesis regulation and how it impacts on different behavioral modalities. After developmental stages, AP2γ persists in the adult CNS, although its presence is restricted to neurogenic niches. In
AP2γ: A New Player on Adult Hippocampal Neurogenesis Regulation
Antonio Mateus-Pinheiro 1,2* , Nuno Dinis Alves 1,2* , Nuno Sousa 1,2 and Luisa Pinto 1,2 particular, we identified AP2γ in sparsely defined cell subpopulations of the adult hippocampal dentate gyrus (DG), both in the dorsal and in the ventral hippocampal poles. This transcription factor was present in Tbr2-positive glutamatergic progenitor cells, as well as in doublecortin (DCX)-positive neuroblasts. Although in Mateus-Pinheiro et al, we focused on the histological and functional characterization of AP2γ within the hippocampus, additional results from our lab show that its expression, while restricted in the adult brain, is also extended to subependymal zone Tbr2-progenitors ( Figure 1 ). In vitro assays suggest that AP2γ has the ability to specifically interact with different transcriptional regulators. Indeed, our work revealed that AP2γ levels are the result of the fine balance between positive regulators of its expression, Sox2 and Pax6, and the negative regulators, Ngn1 and Mash1 (known as transcriptional determinants of GABAergic neurogenesis). 6 Based on our results, AP2γ appears to be an important molecular promoter of adult hippocampal neurogenesis, through direct activation of the glutamatergic neuronal fate determinants Tbr2 and NeuroD1. Thus, it is likely that AP2γ displays an important role on the glutamatergic versus GABAergic fate determination switch on transient amplifying progenitors (TAPs). Due to this bivalent position in the transcriptional sequence regulating neurogenesis, it would be elucidative to study how different hippocampaldependent tasks or even environmental factors known to have an impact on neurogenesis (eg, running or cognitive enrichment) affect AP2γ levels and neuronal fate determination in the adult brain. Accordingly, either viral-mediated overexpression or deletion of AP2γ was sufficient to rapidly expand or deplete the pool of hippocampal TAPs, respectively ( Figure 1) .
Although the functional correlates of adult cytogenesis have been the subject of many studies, it is still a matter of much debate, as many conflicting results coexist in literature. 7, 8 By conditionally knocking-out (cKO) Ap2γ in adult mice, we further addressed this topic and explored the behavioral domains affected by loss of neural progenitors under AP2γ transcriptional control. These animals, which displayed a severe depletion of neuroblasts in both hippocampal poles, had marked cognitive deficits in a contextual fear conditioning task, as well as in behavioral flexibility on a water maze task. 
Mateus-Pinheiro et al 3
More so, impaired ability to differentiate newborn glutamatergic neurons led to the preferential adoption of egocentric navigational strategies in the water maze task, as opposed to spatially oriented strategies normally evidenced by wild-type (wt) animals ( Figure 1 ). The integrity of cognitive tasks altered in Ap2γ-cKO mice has been associated with adult hippocampal neurogenesis. 9, 10 Although results in Mateus-Pinheiro et al did not allow us to claim that AP2γ-controlled newborn neurons are implicated in the regulation of anxiety-like behavior, they also raise the possibility that this may very well be the case (please refer to Figure 3 in the work by Mateus-Pinheiro et al). Indeed, both heterozygous and homozygous Ap2γ-cKO mice presented, on average, reduced exploratory behavior in the center of an open-field arena and in the open arms of an elevated plus maze task; however, maybe due to some variability on performance in these tasks, we found no significant group effects on anxiety-like behavior in this work. As AP2γ is only present in a subset of newly formed neuroblasts, it is also possible that the lack of this specific subpopulation is not sufficient to elicit an evident anxious-like phenotype in these tasks. Hence, it is likely that further studies, either in basal conditions or under an external challenge, such as stress exposure, may elucidate the participation of AP2γ in the control of anxiety in the adult brain.
Interestingly, AP2γ regulation of TAPs' population is essential not only for regional intra-hippocampal function but also for interregional communication between the hippocampus and other cortical areas. In particular, our electrophysiological studies showed how AP2γ deficiency leads to a decrease of coherence between the ventral hippocampus and the medial prefrontal cortex (PFC) as a measure of decreased functional interaction between these two brain regions. Importantly, the hippocampus-to-PFC link has been associated with complex cognitive behaviors, 11, 12 but also implicated in the action of fast-acting antidepressant drugs, such as the much in vogue ketamine. 13 These findings further endorse the need to explore how AP2γ may serve as an important molecular mediator of environmental factors and pharmacologic agents into finely tuned alterations in hippocampal physiology and behavioral outputs. 
Updating the Transcriptional Regulation of Neurogenesis in the Adult Hippocampus
This work brought to light a new molecular player crucial for the maintenance and differentiation of adult hippocampal TAPs into newly formed glutamatergic neurons. This preservation of neurodevelopmental mechanisms associated with AP2γ in the adult hippocampus was also recently confirmed by Hochgerner et al. 14 Although in that study, the authors found that quiescent and proliferating radial glial cells had differences in their molecular profile during early development, as compared with the postnatal period, intermediate progenitors and neuroblasts, where AP2γ is expressed, maintained very similar molecular identity at all ages.
Altogether, the bulk of evidence gathered in recent years allows to put forward the following renovated view on the sequence of transcriptional regulators of hippocampal glutamatergic neurogenesis in the adult brain ( Figure 2 ; for a full comprehensive view on this topic, please see the work by Hodge and Hevner 15 ). In radial neural stem cells (NSCs), transcription factors such as the SRY-related HMG-box (Sox) family member, Sox2, and the Paired box protein Pax6 are crucial for stem cell maintenance and regulation of the NSCs pool. 16, 17 The transition from NSCs to neuronal lineage committed TAPs is then regulated and signaled by the upregulation of a particular sequence of transcription factors: Ngn2 (Neurogenin 2) is one of these transcription factors, whose expression is very limited and transient in TAPs, but overlapping with the expression of the T-box transcription factor Tbr2. 18, 19 Tbr2 is the most welldocumented transcriptional marker of TAPs in the adult DG and as its expression increases with TAPs maturation; markers of neuronal fate commitment, such as NeuroD1 or DCX, begin to be incrementally expressed. 18 To complement this picture, our data show how AP2γ is decisive to TAPs pool expansion and maturation progression, as it promotes the upregulation of Tbr2 and NeuroD1. Expression of NeuroD1 that persists into a subset of postmitotic neuroblasts 19 is then succeeded by expression of transcriptional regulators that are fundamental for survival and integration of postmitotic newborn neurons. The prospero-related homeobox gene Prox1 is one of these transcription factors, whose expression begins to be upregulated in the late-phase TAPs (type-3 cells), where it is required for maturation and survival of adult-born granule neurons. 20 Prox1 shares a very similar expression pattern with the T-box transcription factor Tbr1. Although the function of the latter remains to be fully elucidated, both transcription factors become constitutively expressed in mature granular neurons. The transcriptional code regulating adult hippocampal glutamatergic neurogenesis extends far beyond the summary made herein and many questions remain concerning the specific function of several of its players. New compelling findings may stem from expanding our comprehension on how this code is broken in pathological contexts known to challenge the hippocampal neurogenic niche, such as the case with stressrelated disorders.
